The dorsal thalamus (DT) is a pivotal region in the vertebrate brain that relays inputs from the peripheral sensory organs to higher cognitive centers. It consists of clusters of neurons with relevant functions, called brain nuclei. However, the mechanisms underlying development of the DT, including specification of the neuronal subtypes and morphogenesis of the nuclear structures, remain largely unknown. As a first step to this end, we focused on two transcription factors Sox14 and Gbx2 that are expressed in the specific brain nuclei in the chick DT. The onset of their expression was found in distinct populations of the postmitotic cells in the prosomere 2, which was regulated by the differential activities of Sonic hedgehog (Shh) in a manner consistent with the action as a morphogen. Furthermore, both gain-and loss-of-function results strongly suggest that such distinct inductive activities are mediated selectively by different Gli factors. These results suggest that cooperation of the differential expression of Gli factors and the activity gradient of Shh signaling generates the distinct thalamic neurons at the specific locations. q
Introduction
A number of studies have established that the embryonic central nervous system (CNS) is regionalized as Cartesian grids through the actions of anteroposterior and dorsoventral patterning mechanisms (reviewed by Lumsden and Krumlauf, 1996; Rubenstein et al., 1998) . Proliferative progenitor cells at the different locations of the CNS produce distinct sets of neurons that constitute various brain tissues. For instance, studies of the spinal cord and telencephalon have revealed that molecularly distinct domains of progenitor cells generate specific neuronal subtypes that contribute to nearby as well as distant tissues (reviewed by Jessell and Sanes, 2000; Corbin et al., 2001) . Patterning of the early neuroepithelial fields is in part achieved by the actions of inductive signals emanating from the localized sources, so that cells with distinct properties arise in a spatially organized manner with respect to the signaling centers (Agarwala et al., 2001) .
There is evidence that an inductive signal regulates the expression of distinct sets of transcription factors depending on its concentration. For instance, a secreted glycoprotein Sonic hedgehog (Shh) has been demonstrated to induce floor plate properties at a high concentration and progressively more dorsal molecular properties at lower concentrations in vitro (Roelink et al., 1995; Ericson et al., 1997) .
Factors involved in the Hedgehog (Hh) signaling cascade have been identified and turned out to be evolutionally conserved among diverse organisms (reviewed by Nybakken and Perrimon, 2002) . However, the molecular mechanism underlying the differential activities of Shh are not yet fully understood. The Gli zinc finger transcription factor is believed to mediate most of the transcriptional outputs of Hh signaling (reviewed by Koebernick and Pieler, 2002; Ruiz i Altaba et al., 2002) . While a single Gli factor Cubitus interruptus (Ci) is absolutely required for Hh signaling in Drosophila (Méthot and Basler, 2001 ; reviewed by Aza-Blanc and Kornberg, 1999) , vertebrates have three Ci homologues, Gli1, Gli2 and Gli3, which exhibit different expression patterns in the developing embryos and exert distinct functions in some biological situations (Hui et al., 1994; Ruiz i Altaba, 1998; Aza-Blanc et al., 2000; Persson et al., 2002; Karlstrom et al., 2003) . While models have been proposed that the graded actions of Hh signaling are attributed to the activities of several different states of Ci (Wang and Holmgren, 2000; Méthot and Basler, 1999) , exactly how these vertebrate Gli factors are involved in the execution of the morphogen-like feature of Shh has not yet been elucidated.
The dorsal thalamus (DT) is a pivotal forebrain structure that functions as the major relay center connecting the peripheral sensory organs and cerebral cortex (Jones, 1985 (Jones, , 1998 . The DT is partitioned into many clusters of neurons with relevant functions, called nuclei, which can be distinguished histologically by features such as the cellular morphology, differential cell density, and the trajectories of axon bundles that often demarcate the outlines of the brain nuclei. Each DT nucleus projects to a specific location mainly in the telencephalon, and receives inputs from specific targets. Therefore, the spatial organization of each DT nucleus is crucial for establishing this precise topographical relationship to fulfill its functions as a relay center. Developmentally, the DT is believed to be derived from a single embryonic subdivision, the alar plate of prosomere 2 (p2) (Puelles and Rubenstein, 1993) . Since the morphological characteristics that define each DT nucleus become evident only late in development, the mechanisms underlying the early stages of its development remain largely unknown. Several attempts to address this issue have been made recently Yoon et al., 2000; Nakagawa and O'Leary, 2001; Martínez-de-la-Torre et al., 2002) . For instance, Nakagawa and O'Leary have reported the nested expression of transcription factors in the developing mouse thalamus (Nakagawa and O'Leary, 2001) . The distinct but overlapping expression patterns of these regulatory genes often correlated with the histologically defined borders of the nuclei. Through ontogenic studies of the expression patterns, they have suggested that neurons constituting each thalamic nucleus are born with distinct molecular properties early in development.
In order to elucidate the developmental mechanism of the DT, we took a similar approach, finding molecular differences in the DT nuclei and the DT rudiment of the chick. We provide evidence that Shh emanating from the basal plate of the p2 specifies two distinct neuronal subtypes in the DT rudiment in a concentration-dependent manner. Moreover, these graded actions of Shh are likely to be mediated by Gli1 and Gli2 selectively, which has not been reported in other biological situations in which Hh signaling is involved. These results provide a significant insight into the molecular mechanism underlying the morphogen-like property of Shh signaling.
Results

Several DT nuclei are distinguished by expression of transcription factors
In order to obtain molecular clues to study the DT development, we have searched for molecules expressed in subsets of DT nuclei. Among the list, we found that Sox14, Gbx2 and Sox2 are expressed in restricted regions of the DT at Hamburger and Hamilton's stage 42 (HH42) when each DT nucleus can be identified histologically (Fig. 1A,D) . Most of their expression correlated well with the topographical organization of the DT nuclei, in that the borders of their expression domains often coincide with the boundaries of the nuclei defined morphologically. Expression of Sox14 was restricted to the perirotundic area and the prospective interstitial nucleus of the optic tract (arrowheads in Fig. 1B) . Gbx2 was expressed in many DT nuclei, as reported in mice and chick (Miyashita-Lin et al., 1999; Nakagawa and O'Leary, 2001; Martínez-de-la-Torre et al., 2002) . For instance, the nucleus rotundus, the largest nucleus in the chick DT, was labeled by the prominent expression of Gbx2 (Fig. 1C) , which was surrounded by the Sox14-positive perirotundic area (Fig. 1B) . The subrotundic nucleus and subhabenular region also showed strong Gbx2 expression, whereas the dorsal anterior nucleus and dorsolateral anterior nucleus exhibited lower expression levels (Fig. 1C) . Sox2 identified a different set of nuclei, such as nucleus ovoidalis and the dorsointermediate posterior nucleus, both of which also showed weak Gbx2 expression (arrowheads in Fig. 1E ; data not shown).
We next asked when such molecular heterogeneity emerges during development. At HH22, when the thin mantle layer of postmitotic neurons is formed in the DT (see Fig. 1M ), the expression patterns were already distinct in the whole-mount specimens ( Fig. 1F-H ). Sox14 and Gbx2 expression is first detectable at about the same time (HH17) in a region adjacent to the basal plate of p2 ( Fig. 1I -K) ; Sox14 expression started in a line of cells arrayed parallel to the dorsal limit of the basal plate (Fig. 1I) , whereas Gbx2-positive cells emerged somewhat sporadically in a small area with a extension dorsally (Fig. 1J) . Double labeling showed that there was no overlap between the expression of these markers (Fig. 1K) . As development proceeds, the Gbx2 expression occupied a large quadrilateral area in the DT rudiment whose anterior and ventral edges were fringed by the hinge-shaped Sox14-positive domain (Fig. 1L ). Close examination of the sectioned material revealed that they were expressed in a mutually exclusive pattern, such that cells expressing either of them are clustered right next to each other (Fig. 1N) .
These observations provide evidence that some early postmitotic neurons in the DT primordium are already molecularly distinct, although lineage relationship between these populations at the different stages remains unclear at this moment.
Tissues adjacent to the DT rudiment are required for the expression of Sox14 and Gbx2
To understand how this early molecular heterogeneity is created in the rudiment of DT, we first asked whether the DT (D) and Sox2 (E). Sox14 is expressed in the cells (arrowheads in B) that surround the nucleus rotundus where Gbx2-positive cells are evenly distributed (C). A high magnification of the Sox14-expressing region is shown in the inset in (B). (F-H) HH22 dissected brain whole-mount in situ hybridized for Sox14 (F), Gbx2 (G) and Sox2(H). Note that Sox2 is expressed strongly in the mantle layer of the DT anlagen (arrows in H), and weakly in the ventricular layer of the entire brain. Dark staining in the telencephalon is background. For all the whole-mount specimens, the anterior is to the right and the dorsal is to the top. (I,J) HH17 DT rudiments stained for Sox14 (I) and Gbx2 (J) showing the onset of their expression (arrowheads). Faint darkening in a broad area of p2 is background (J). (K,L) Two color in situ hybridization for Sox14 (blue) and Gbx2(brown) of the whole-mount DT rudiments at HH17 (K) and HH22 (L). (M,N) Coronal sections of the DT anlagen at HH20 stained for NeuN (M) and Sox14 (blue in N) and Gbx2 (orange in N). Note that Gbx2-expressing cells are adjacent to, but segregated from the small domain of Sox14 expression in the layer of postmitotic neurons (arrowhead in K,L,N). For (M) and (N), the third ventricle is located at the right side of the panels and the dorsal is to the top. Bars, 0.5 mm for (A)-(L); 0.05 mm for (M) and (N). ApR, perirotundic area; DA, dorsal anterior nucleus; DIP, dorsointermediate posterior nucleus; DLA, dorsolateral anterior nucleus; DLL, dorsolateral lateral nucleus; DLP, Dorsolateral posterior nucleus; DMP, dorsomedial posterior nucleus; (H), habenula; ITO, prospective interstitial nucleus of the optic tract; Me, mesencephalon; Ov, nucleus ovoidalis; PM, nucleus paramedianus internus; p1, prosomere 1; p2, prosomere 2; Rt, rotundus nucleus; SH, subhabenular nucleus; SPC, Parvocellular superficial nucleus; SRt, subrotundic nucleus; Te, telencephalon; VT, ventral thalamus; ZLI, zona limitans intrathalamica. rudiment acquires this spatial pattern intrinsically or extrinsically. Previous study has shown that the molecular regionality in the isolated mouse diencephalic explants cultured in vitro was remarkably stable (Echevarria et al., 2001) . Fragments of the neural tube that contained the DT rudiment and some flanking tissues that include the basal plate, a posterior part of p3, and an anterior part of p1, were isolated from HH8-12 embryos before the onset of Sox14 and Gbx2 expression (type A in Fig. 2A ). After being cultured in vitro for 72 h, the characteristic patterns of Sox14 and Gbx2 expression were detected (Fig. 2B ), which were comparable to those in the normal embryo at the corresponding stages (see Fig. 1L ). By contrast, when those flanking tissues, the boundaries of which are easily discernible under a dissection microscope, were eliminated prior to the culture (type B in Fig. 2A ), neither Sox14 nor Gbx2 expression was detected (Fig. 2C) . Presence of the flanking tissues was monitored in part by Shh which is expressed in the basal plate and the boundary that demarcates the anterior edge of DT (Fig. 2D,E) . The results of the explant studies are summarized in Table 1 . Unlike Sox14 or Gbx2, generation of Sox2-positive neurons did not appear to require these tissues (n ¼ 14=14; Fig. 2F ,G). Expression of Tuj1 and MAP2, pan-neuronal markers, was indistinguishable between these different preparations, suggesting that neurogenesis in general was not affected by the removal of the flanking tissues ( Fig. 2H,I ; data not shown). No significant difference in cell death was detected by TUNEL analysis (Fig. 2J,K) .
These results suggest that the spatial information is not intrinsic to the DT rudiment but dependent on the environmental cues around it. Shh is expressed in the basal plate of p2 at the time of their onset, and also in the anterior boundary of the DT, zona limitans intrathalamica (ZLI), after HH19 (data not shown; Martí et al., 1995; Larsen et al., 2001; Zeltser et al., 2001 ). In fact, there is a tight correlation between expression of Shh and that of Sox14 and Gbx2 in the cultured explants (see Table 1 ). These results prompted us to examine a role of Shh in the pattern formation of the DT rudiment. The number of DT explants positive for the markers listed above which were dissected from various stages of embryos shown in the left column. Denominators represent the total number of explants examined. Type A and B explants are depicted in Fig. 2A .
Shh induces both Sox14 and Gbx2 in the DT
We first examined whether Shh is capable of inducing the markers that we identified. Approximately same size of the type B explants ( Fig. 2A ) dissected from HH12 embryos were cultured with various concentrations of recombinant Shh-N protein (Roelink et al., 1995) . At 50 nM, only Gbx2 expression was detected in the explants (Fig. 3B ). As the concentration increased, Sox14 was induced progressively, while Gbx2 expression appeared reduced (Fig. 3C,D) . These results are represented quantitatively in Fig. 3E , which is based on 82 specimens that were single stained for either Sox14 or Gbx2 with the same chromatic substrate. The number of Tuj1-positive cells in the Shh-treated explants was comparable to the control (data not shown), which suggests that the augmentation of these markers expressed in the postmitotic neurons was not simply due to promotion of generic neurogenesis. We therefore concluded that Shh altered the neuronal fates of the cells in the explants.
To address further whether the differential induction of Sox14 and Gbx2 is indeed caused by a direct action of Shh signal, we took advantage of the transmembrane protein Smoothened which transduces the Hh signals (Alcedo et al., 1996; van den Heuvel and Ingham, 1996) . It has been shown that a constitutively active form of Smoothened (SmoM2) recapitulated the actions of Shh in a cell-autonomous manner (Xie et al., 1998; Hynes et al., 2000) . The type B explants (see Fig. 2A ) from HH12 embryos were microelectroporated with different concentrations of the SmoM2 plasmid using a fine glass needle (Ø ¼ 0.03 mm; Fig. 3H,I ; Haas et al., 2001) , so that varying amounts of the constitutively active Smoothened protein would be produced. The methodological validity was provided using a Gfp construct (Fig. 3J,K) . For strict comparison, approximately same locations within p2 were targeted for electroporation (dorsal 3/4; Fig. 3J ,K). As a result, only Gbx2 was induced by the low level of SmoM2 expression (2.5 mg/ml; n ¼ 17=21; Fig. 3N ,O), whereas Sox14 was predominantly induced instead by the high level of SmoM2 expression apparently in a cell-autonomous manner (6.0 mg/ml; n ¼ 11=11; Fig. 3P ,Q). Under this experimental condition, any sign of Shh induction was detected by either doses of SmoM2 (n ¼ 0=19; data not shown). A similar, but less clear dose-dependency was also observed with the Shh plasmid (data not shown). These results indicate that the graded activities of Shh signaling can selectively induce Sox14 and Gbx2 without a relay signal. On the other hand, we did not see any significant change in Sox2 expression in the DT upon Shh misexpression (n ¼ 12=12; data not shown), suggesting that some neuronal populations in the DT are independent of Shh signaling.
Next, we examined whether Shh is indeed required for the induction of Sox14 and Gbx2 by using a functionblocking antibody (Ericson et al., 1996; Gunhaga et al., 2000) . The DT rudiments with flanking tissues (type A explant; Fig. 2A ) in which both Sox14 and Gbx2 would be expressed (see Fig. 2B ) were dissected from HH12 embryos, and cultured in the presence of anti-Shh monoclonal antibody (5E1; 15 mg/ml). As a consequence, the expression of Sox14 and Gbx2 was absent or severely reduced in those explants (n ¼ 8=12; Fig. 4A,B) . No significant change in either the expression of Tuj1 (Fig. 4C,D) or TUNEL staining (Fig. 4E,F) was observed, suggesting that the concentration of the antibody used in this assay did not affect generic neuronal differentiation or apoptosis. We also estimated the time window for the requirement of Shh by 12 h-pulse-incubation with the antibody at the different time point during the culture (Fig. 4G) . The antibody treatment during the first 24 h was sufficient to block Sox14 and Gbx2 expression, whereas the later treatment was much less effective ( Fig. 4G ). Neuronal differentiation did not take place markedly until after 24 h of culture ( Fig. 4H -J) , and the onset of Sox14 and Gbx2 expression was about after 36 h of culture (data not shown). Collectively, these results suggest that Shh is required by the mitotic progenitor cells in the DT, but to a much less extent by the postmitotic neurons to maintain these molecular properties.
Thus, this series of experiments demonstrated that Shh presumably produced by the adjacent tissues is necessary and sufficient for the proper expression of Sox14 and Gbx2 in the DT.
The distinct activities of Shh signaling are mediated by different Gli factors
As Shh signaling is mediated by Gli zinc finger proteins (Lee et al., 1997; Hynes et al., 1997; Sasaki et al., 1997;  reviewed by Ingham and McMahon, 2001 ), we hypothesized that these Gli factors may be differently involved in the induction of Sox14 and Gbx2 in the DT. In support of this idea, the expression of Gli1 and Gli2 appeared complimentary in the DT rudiment at HH15 just before the generation of Sox14-and Gbx2-expressing cells: Gli1 expression is restricted to a band just dorsal to the alar/basal boundary, whereas Gli2 is expressed dorsal to the Gli1-expressing domain (Fig. 5A ). Soon after this stage (HH18), the Gli1 expression expands dorsally retaining the highest intensity towards the alar/basal boundary, and thus the Gli1-and Gli2-expressing domains became overlapping ( Fig. 5B -E) . Meanwhile, Sox14-positive postmitotic cells emerged at the ventral edge of Gli1-expressing domain (Fig. 5D ), whereas Gbx2-positive cells were distributed over the Gli2-expressing progenitor zone (Fig. 5E) . The third member, Gli3, was expressed in the most dorsal areas of the DT, which fit neither the Sox14 nor Gbx2 territory at these stages ( Fig. 5F ).
First, we tried to reveal potential differences in Gli1 and Gli2 simply by misexpression. The pretectum or p1 was chosen for this assay, because it turned out that the DT rudiment or p2 did not respond to the change of Gli expression for unknown reason (data not shown). We have found that p1 similarly responded to activation of the Hh 2001). Again, the focal microelectroporation technique for explants was employed to achieve precise control of the location and the concentration of DNA. When Gli1 was electroporated, Sox14 but not Gbx2 was induced, although the location of this induction was restricted to the subregion of the pretectm (n ¼ 2=9; Fig. 5I,J) . Conversely, electroporation of Gli2 into the equivalent sites resulted in induction of Gbx2 instead of Sox14 (n ¼ 8=12; Fig. 5K,L) , even when the concentration of the Gli2 plasmid was raised up to four fold (data not shown). In the normal p1, however, neither Gbx2 nor Sox14 are expressed in a similar way as in the DT despite this competence and the presence of Shh in the basal plate of p1 (see Fig. 1F,G ). Yet, the potential difference of Gli1 and Gli2 revealed here could be relevant to the DT patterning, at least in the context of gene regulation.
To address further whether Gli1 and Gli2 indeed play a role in the expression of Sox14 and Gbx2, respectively, the Gli mutant mice were analyzed. While single mutants for Gli2 showed indistinguishable expression of Gbx2 and Sox14 in the DT rudiment from the wild-type (Fig. 6A,B) , the Gli2; Gli3 double mutant mice exhibited a drastic reduction of Gbx2 expression in the DT, but not of Sox14 at 11.5 days post coitum (dpc) (n ¼ 3=3; Fig. 6C ). In these animals, Shh expression in the ventral CNS was severely down-regulated (compare Fig. 6D,E ). Yet, Shh expression in the presumptive ZLI was clearly detectable (Fig. 6E) . Moreover LacZ expression driven by the Patched1 promoter was also detected in the prospective DT and ventral thalamus (Fig. 6G) , suggesting that Hh signaling was still occurring in the absence of Gli2 and Gli3. While it has been shown that Gli3 has an antagonizing activity against Hh signaling (Ruiz i Altaba, 1999; Litingtung and Chiang, 2000) , Gli3 has also been implicated in compensating for loss of Gli2 activities (Mo et al., 1997; Motoyama et al., 1998) . Gli3 single mutants themselves had no defect in the Gbx2 and Sox14 expression in the DT (data not shown).
Although the previous reports have identified no obvious abnormality in the ventral patterning of the spinal cord in the Gli1 mutants (Matise et al., 1998; Park et al., 2000; Bai et al., 2002) , the Sox14 expression in the DT, but not in the pretectum, was absent or severely reduced at 11.5 dpc (Fig. 7A,B) . In contrast, the Gbx2 expression in the DT was indistinguishable from the wild-type or heterozygotes (Fig. 7C,D) . No alteration in Shh or Patched1-LacZ expression has been detected in the Gli1 mutants (data not shown; Fig. 7E,F) . We then examined whether Shh at any dose can induce Sox14 in the absence of Gli1. The DT explants equivalent to the type A in the chick were prepared from 9.5 dpc Gli1 mutants and cultured in the presence of various concentrations of recombinant Shh-N for 3 days. As much as 1800 nM of Shh-N did not induce Sox14 in the Gli1 2/2 explants (data not shown; Fig. 7G ), whereas Sox14 was constantly induced in the wild type and Gli1 þ/2 explants with Shh-N above 600 nM (data not shown). When Gli1 was electroporated to the Gli1-deficient explants, Fig. 4 . Explants of the DT rudiment with the flanking tissues dissected form HH12 embryos cultured with normal mouse IgG (A,C,E) or anti-Shh antibodies (B,D,F) for 48 h (C,D) and 72 h (A,B,E,F) were stained for Sox14 (blue in A,B), Gbx2 (red in A,B) and Tuj1 (C,D), or examined for apoptosis using TUNEL (E,F). Both Sox14 and Gbx2 expressions were greatly diminished by anti-Shh antibodies without significant alterations in neuronal differentiation or apoptosis. (G) Temporal change of the effect of anti-Shh antibody on Sox14 and Gbx2 expression. The antibody was added to the culture media for 12 h at different time points during the culture (72 h in total) as indicated in the horizontal scale. Pixels of Sox14-(red for control IgG, magenta for anti-Shh) and Gbx2-positive areas (turquoise for control IgG, purple for anti-Shh) in the explants were calculated by NIH image software. (H -J) HH12 type A explants at 12 (H), 18 (I), and 24 h (J) of culture stained for Tuj1. Bar, 0.25 mm.
Sox14 was induced where the exogenous gene was expressed (Fig. 7I) , although we found that a considerable dose of Shh-N (. 600 nM) was needed to for this induction (Fig. 7G) . Importantly, this was not achieved by exogenous Gli2, except to a very low extent only in the presence of very high dose of Shh-N (. 1250 nM), indicating overt precedence of Gli1 for the Sox14 induction in the DT (Fig. 7G) .
Mutual repression between Sox14 and Gbx2
While combination of the differential Gli expression and the graded distribution of Shh protein could theoretically define the precise positions of the distinct neuronal subtypes, the complementary expression of Sox14 and Gbx2 (see Fig. 1N ) suggested that there may be mutual repression between these transcription factors. In fact, when Gbx2 was electroporated in the prospective Sox14 territory at HH12, the Sox14 expression was suppressed (n ¼ 7=7; Fig. 8B ). Conversely, forced expression of Sox14 resulted in suppression of Gbx2 apparently in a cell-autonomous manner (n ¼ 8=8; Fig. 8D ). Importantly, this cross regulation is specific, as neither of them affected the expression of Sox2 (for Sox14, n ¼ 8=8; Fig. 8F ; data not shown for Gbx2, n ¼ 12=12). On the other hand, we found that the exogenous Gbx2 can induce endogenous Gbx2 (Fig. 8G) . At this stage (HH12 , ), exogenous Gbx2 did not induce Fgf8 (n ¼ 16=16; data not shown) as has been reported for the earlier stages (Millet et al., 1999; Katahira et al., 2000) . Moreover, co-electroporation of Gbx2 and the dominantnegative form of Fgfr3 (Amaya et al., 1993; Kobayashi et al., 2002) did not perturb this induction (n ¼ 4=4; data not shown). Therefore it is unlikely that this auto-induction was due to the cross-regulatory loop involved in the midhindbrain development (Garda et al., 2001) . No such autoinduction, however, was observed for Sox14 (Fig. 8H) .
These results suggest that the initial pattern created by the diffusible signal is then consolidated by the transcriptional regulations of the target genes in the DT, as reported for many other developmental situations (reviewed by Jessell, 2000) .
Discussion
In this paper, we have shown that three regulatory genes, Gbx2, Sox14 and Sox2 are expressed in the specific DT nuclei (Fig. 1) . Gbx2 encodes a homeodomain transcription factor essential for the development of many DT nuclei (Miyashita-Lin et al., 1999) . Sox2 and Sox14, which belong to subgroups B1 and B2 of the Sox family, respectively, encode a group of proteins that carry a HMG DNA-binding domain (Uchikawa et al., 1999; Hargrave et al., 2000;  reviewed by Kamachi et al., 2000) . Detailed descriptions of their expression in relation to the histogenesis of DT will be published elsewhere (Hashimoto-Torii et al., in preparation). Here we will discuss the patterning mechanisms operating in the early development of the DT with particular regard to the Hh signaling pathway.
Differential involvement of the Gli factors in Hh signaling
While Shh has been shown to act as a morphogen inducing distinct genes in a concentration dependent manner (Roelink et al., 1995; Ericson et al., 1997) , the underlying mechanisms are not yet fully understood. Our present findings on the induction of Sox14 and Gbx2 by Shh and Gli factors provide an important insight into this issue. Namely, the high dose of Shh signaling and exogenous Gli1 led to Sox14 induction, whereas the low dose of Shh signaling and Gli2 led to Gbx2 expression. This raises the possibility that the high and low doses of Shh signals are selectively mediated by Gli1 and Gli2, respectively. While all Gli proteins recognize a consensus DNA sequence (Kinzler and Vogelstein, 1990; Vortkamp et al., 1995) , both gain-and loss-of-function studies have revealed that Gli factors differ in the property of Hh target gene regulation (Ruiz i Altaba, 1998 , 1999 Persson et al., 2002; Karlstrom et al., 2003) . For instance, it has been shown that Gli1 can induce FoxA4 (Hnf3b), a floor plate marker, and Nkx2.1 in the frog embryos, whereas Gli2 can induce motor neuron marker HB9 instead (Ruiz i Altaba, 1998). Our in vitro result that exogenous Gli2 was not able to induce Sox14 efficiently in the Gli1-deficient explants even in the presence of very high dose of Shh-N would support this possibility. Although it appears that Gli3 is also required for inducing Gbx2 from the double mutant phenotype (Fig. 6B,C) , we think that it is unlikely that Gli3 plays a role in the onset of Gbx2 expression in the normal situation, simply because it is not expressed in the ventral but dorsal domain of DT (Fig. 5F , Grove et al., 1998) .
Curiously, however, no obvious defect has been reported in the spinal cord of the Gli1-deficient animals (Matise et al., 1998; Park et al., 2000; Bai et al., 2002) . A conceivable explanation is that other Gli factors, most likely to be Gli2, may compensate for Gli1 functions in some situations. In support of this notion, the Gli1; Gli2 double mutants exhibit more severe abnormalities in the Hh-dependent processes than either single mutant (Park et al., 2000) . Alternatively, for spatial patterning, the assigned functions to each Gli factor may vary among the different regions of the CNS. Even the morphogen-like action of Shh may also be variably responsible for the spatial patterning among the different regions of the CNS. For instance, Agarwala et al. (2001) have recently provided in vivo evidence that an ectopic focal source of Shh is solely sufficient for generating the exquisite spatial pattern in the ventral midbrain as predicted by the hypothesis that Shh acts as a morphogen. However, Fig. 6 . Gli2 and Gli3 are essential for Gbx2 expression, but not for Sox14.
(A -C) Lateral view of the DT of an 11.5 dpc wild-type A, Gli2 single (B) and Gli2; Gli3 double mutant (C) double stained for Sox14 (blue) and Gbx2 (red). Note that Gbx2 expression is absent in the double mutant (C), whereas Sox14 expression persists (arrow in C). (D,E) Head regions of a 9.5 dpc wild-type (D) and Gli2; Gli3 double homozygotes (E) in situ hybridized for Shh. (F,G) Ptc1-LacZ expression revealed by X-gal staining of the dissected brains from a 10.0 dpc Gli2 heterozygote (F) and Gli2; Gli3 double homozygote (G). Expression of Shh and Ptc1-LacZ persists around the ZLI (arrow in D -G) in the double mutants. Bars, 0.5 mm.
this has not been demonstrated in vivo in the spinal cord. Regarding this, it may be noteworthy that the forebrain and midbrain have a considerably larger alar plate area than the spinal cord, which dramatically expands during this patterning period. Consequently, the floor and basal plates become located more distant from the roof plate, a tissue also implicated in the dorsoventral patterning of the CNS. Thus, the graded Shh signaling, together with differential recruitment of Gli factors, may play more prominent roles in establishing the dorsoventral patterning in these regions of the CNS.
Gli genes are differentially expressed in the mitotic progenitor cells of the chick DT (Fig. 5A -F) , and therefore could serve as a 'pre-pattern' for the action of Shh at the neurogenic period when the Sox14-and Gbx2-positive neurons are born. In fact, differential Gli expression persisted in the type B explants from which the Shh expressing regions had been excluded (see Fig. 3F ), and the induction of Sox14 by Shh-N appeared somewhat correlated with the pattern of Gli1 expression (see Fig. 3C,F) . This idea would not necessarily be argued by the fact that Sox14 can be induced by exogenous SmoM2 in the prospective Gbx2 territory (see Fig. 3D,P) , because the expression of Gli genes can also be regulated by Shh signaling. Transcriptional activation of Gli1 by Shh has been shown previously (Marigo et al., 1996; Grindley et al., 1997; Hynes et al., 1997; Lee et al., 1997; Bai et al., 2002; Karlstrom et al., 2003) . We also found that a high dose of Shh or SmoM2 induced Gli1 and repressed Gli2, whereas a low dose upregulated Gli2 expression ( Fig. 3G ; KH and KS, unpublished) .
Nevertheless, the Gli1-expressing domain appears considerably broader than that of Sox14, even extending into the Gbx2 domain (see Fig. 5D ). Thus, the 'Gli code' does not (A,B) . The expression of Sox14 is severely down-regulated in the DT of the Gli1 mutant (arrow in B), while its expression in p1 is unchanged (arrowhead in B). The Gbx2 expression is not affected in the Gli1 mutant (D). (E,F) Ptc1-LacZ expression in a 10.5 dpc hetrozygote (E) and homozygote for Gli1 (F). (G) Quantification of the Sox14 induction in the Gli1-deficient DT rudiments by exogenous Gli1 and Gli2 in the presence of various concentrations of Shh-N. The percentage of the Sox14-positive area per the GFP-expressing area was calculated. The diencephalic explants from 9.5 dpc Gli1 mutants were electroporated with a control vector (H) and Gli1 (I), cultured in the presence of 1250 nM of Shh-N for 72 h, and then stained for Sox14 (H,I). Dorsal is to the top, and anterior is to the right. Sox14 expression in the Gli1-deficient DT is up regulated where the exogenous Gli1 was introduced in the dorsal portion of the explant (arrow in I). Location of the exogenous gene expression is visualized by GFP fluorescence (H 0 ,I 0 ). Bars, 0.25 mm.
seem to be solely responsible for defining the position of the Sox14-positive neurons. Concerning this issue, it is interesting that Gli1 and Gli2 may have different thresholds of Shh dose to function. Although the previous studies have reported that Gli1 activity is not post-translationally but transcriptionally regulated by Hh signaling (Epstein et al., 1996; Marigo et al., 1996; Dai et al., 1999) , our in vitro results suggest that Gli1 requires a high dose of Shh-N to induces Sox14 (see Fig. 7G ). In fact, Sox14 was not expressed in the type B explants despite the persistent expression of Gli1 (see Fig. 3A,F) . This might explain why the p2 alar plate was insensitive to the misexpression of Gli1, and the Sox14 induction solely by exogenous Gli1 was considerably inefficient in the p1 ðn ¼ 2=9Þ: Since Gbx2 was induced by a low dose of Shh-N which is likely to be mediated by Gli2, the lower dose of Shh may be sufficient to activate Gli2 compared to Gli1. In Drosophila, Ci is the only Gli factor that mediates Hh signaling (Orenic et al., 1990; Von Ohlen and Hooper, 1997; Méthot and Basler, 2001) . Previous studies have established that the Ci activities are regulated at the multiple levels, such as proteolysis, subcellular distribution, and activation, all of which are dependent on Hh signaling (Aza-Blanc et al., 1997; Wang and Holmgren, 2000; Basler, 1999, 2000) . Thus Gli1 and Gli2 may differ in the susceptibility to those Hhdependent regulations. Alternatively, the high dose of Shh may indirectly allow Gli1 to induce Sox14, such as by repressing antagonistic cues. For instance, it was shown that Shh blocks Gli3 function to liberate Hh target genes from repression (Lee et al, 1997; Ruiz i Altaba, 1998; Sasaki et al., 1999; Von Mering and Basler, 1999; Aza-Blanc et al., 2000; Litingtung and Chiang, 2000; Persson et al., 2002; Rallu et al., 2002; Wijgerde et al., 2002) . In the present case, however, Gli3 does not appear to be the one, since Gli3 is not expressed in the Sox14 territory, and there was in fact no change in Sox14 expression in the Gli3 mutants. Members of Bmp family expressed at the dorsal most portion of p2 (Furuta et al., 1997) could be good candidates, as it was shown that Bmp signaling counteract with Shh signaling (Liem et al., 2000) . Overall, the differential expression of Gli1 and Gli2 which possess different preference for the target genes, in cooperation with the graded distribution of Shh protein, perhaps play a role in assuring the precise birthplaces of the distinct neuronal subtypes in the DT. The recruitment of different Gli factors as an effector of Hh signaling must be a key for further diversity and complexity of the patterns generated by this signaling pathway during evolution as discussed previously (Aza-Blanc et al., 2000; Persson et al., 2002; Karlstrom et al., 2003) .
'Ventral patterning' in the alar plate
Our present finding that Gbx2 expression in the DT rudiment is dependent on Shh signaling is somewhat puzzling, as Gbx2 is expressed in and required for a large region of the DT that is thought to be derived from the alar plate ( Fig. 4 ; Puelles and Rubenstein, 1993; Miyashita-Lin et al., 1999) . Studies in the spinal cord as well as other brain territories have established that Shh is involved in the ventral patterning of the CNS (the basal plate) and the alar plate derivatives are thought to be negatively regulated by Shh signaling (Ericson et al., 1996; Watanabe and Nakamura, 2000) . Furthermore, recent findings in the developing telencephalon have led to the notion that GABAergic and cholinergic interneurons are born in the basal telencephalon presumably through the action of Shh, whereas most glutamatergic neurons are not (reviewed by Wilson and Rubenstein, 2000; Corbin et al., 2001) . Given that the majority of DT neurons are glutamatergic (Shigemoto et al., 1992) , the dependence of Gbx2 on Shh again does not make good sense. However, we found that some Gbx2 expression, particularly at later stages, is independent of Shh activity. For instance, DT rudiments cultured in the presence of anti-Shh antibody did show substantial Gbx2 expression when cultured for longer periods (KH and KS, unpublished) . Moreover, in Gli2; Gli3 double mutant mice, Gbx2 expression was detectable in the DT after 12.5 dpc (KH and KS, unpublished) . These findings raise the possibility that some Gbx2-positive cells in the DT are independent of Shh activity, and these may correspond to the glutamatergic DT neurons. Other molecular markers that further distinguish subsets of cells within the Gbx2-positive population (e.g. Sox2) will clarify the precise requirement of Shh for the Gbx2-positive cells in the DT. On the other hand, the notion for the generation of GABAergic neurons in the telencephalon is consistent with the fact that Sox14-positive cells in the DT, which are dependent on Shh activity, are mostly GABAergic (Hashimoto-Torii et al., in preparation).
Thus, it appears that certain populations of DT neurons are specified by Shh emanating from the basal plate, while the DT itself is specified as the alar plate. This evokes an idea that Shh expression, which spreads in the basal plate of the anterior CNS (fore-midbrain region), may be responsible for generating further cellular diversity within the alar plate. In addition, it is conceivable that the ZLI where Shh becomes expressed as development proceeds also contributes to the further complexity in the DT as postulated Zeltser et al., 2001) . It has been shown that the notochord plays a primary role in the ventral specification of the spinal cord, which is then taken over by the floor plate (Ericson et al., 1996) . It could be that, in the fore-midbrain region, signals including Shh emanating from the axial mesoderm, the prechordal plate and notochord, first specify the floor and basal plates, and subsequently Shh released from the basal plate patterns the adjacent alar plate cells. The initial Shh signaling from the axial mesoderm might also set up the Gli patterns which serves as a prepattern in the alar plate for the subsequent Shh signal from the basal plate during the neurogenic periods as discussed above.
Experimental procedures
Embryo manipulation
Embryological manipulations were performed in White Leghorn chick embryos following standard protocols. Eggs were incubated at 38 8C and the embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) .
Explant culture
In vitro culture of isolated brain fragments was carried out as described previously (Shimamura and Takeichi, 1992) , with slight modifications. Explants were isolated from HH8-15 chick and 9.5-10 dpc mouse embryos and cultured on the Nucleopore w filters (#110414; Costar) floating on DMEM supplemented with 10% fetal bovine serum (Nissui) in a CO 2 incubator at 37 8C for 0.5 -4 days. No significant necrosis or obvious abnormalities in morphogenesis were detected (see Figs. 2,4) . For the Shh titration experiments, recombinant mouse Shh-N (R and D systems) was added to the culture media at 0-1800 nM. For blocking of the Shh activity, monoclonal anti-Shh antibody (5E1; DSHB, Iowa) was used (Ericson et al., 1996; Gunhaga et al., 2000) .
Electroporation
Full-length cDNA encoding mouse Gbx2 (a gift from Dr G. Martin), chick Sox14 (a gift from Dr H. Kondoh), and a constitutively active form of human Smoothened (SmoM2; a gift from Dr A. Rosenthal) were inserted into the pCAGGS vector (Tokui et al., 1997) . A cDNA encoding the Nterminal form of mouse Shh was inserted into the pEF-BOS vector. Full-length mouse Gli1 and Gli2 cDNAs inserted into the pCDNA3.1 vector were provided by Dr H. Sasaki (Sasaki et al., 1999) . Electroporation for HH8-14 chick embryos was carried out in ovo as described (Funahashi et al., 1999; Kobayashi et al., 2002) . To achieve precise control of DNA concentration and of transfection sites, a method for microelectroporation using a microcapillary electrode was employed for the explants (Haas et al., 2001) . Briefly, a pore of 0.03-4 mm diameter glass needle was made from a glass capillary (Sutter, BF100-50-10) by a Sutter P-97/IVF. A DNA solution was loaded into the tip of glass needle and backfilled with mineral oil. A thin platinum wire was inserted into the needle to function as a cathode. For all the electroporation experiments, pCAGGS-GFP plasmid (Momose et al., 1999) was mixed to 1 mg/ml, so that the sites of exogenous gene expression can be monitored under an epi-fluorescence dissecting microscope (Leica MZFL3).
Mice
Mutant mouse strains, Ptc1
LacZ (Goodrich et al., 1997) , Gli1 zfd (Matise et al., 1998) , Gli2 zfd (Mo et al., 1997; Ding et al., 1998) and Gli3 XtJ (Johnson, 1967; Büscher et al., 1997) were maintained in a mixed 129/Sv and CD1 background. Generation and analysis of Gli2; Gli3 double mutants were performed as described (Mo et al., 1997) . To generate Gli2 zfd/zfd ; Gli3 XtJ/XtJ ; Ptc1 þ/LacZ mice, the Gli2 þ/zfd ; Gli3 þ/XtJ ; Ptc1 þ/LacZ male mice were crossed with Gli2 þ/zfd ; Gli3 þ/XtJ female mice. Genotypes of mutant embryos were determined by PCR using a standard protocol. For genotyping the Gli1 mutant, GlidF (5 0 TTTGAAGGCTGTCGGAAGTCC3 0 ) and GlidR (5 0 TCATTGGAGTGGGTCCGATTC3 0 ) primers for amplification of the 165 bp fragment derived from the zinc finger domain, as well as the standard primers for detection of Neo cassette were used.
In situ hybridization
In situ hybridization of whole-mount specimens and cryosectioned materials were performed as described previously (Shimamura et al., 1995; Uchikawa et al., 1999) . Probes for mSox14 and cGli3 were obtained by PCR. Probes for cSox2, cSox14, mGbx2, cGbx2, cShh, cGli1, cGli2 and mShh were kind gifts from Drs H. Kondoh, G. Martin, C. Tabin, and A. McMahon, respectively. Probes for cSox14-and cGbx2-3 0 UTR were generated from the Sac II -Apa I and HincII -Eco RI fragments, respectively. For quantification of the labeled cells, NIH image software was used as described previously (Ishihara et al., 2001 ). Since cells expressing Sox14 or Gbx2 are distributed twodimensionally at the time of their emergence, pixels of the labeled areas with an intensity above a given optical thresholds were scored as the references for the number of positive cells. When necessary, proportions of the labeled areas to the defined fields of the explants were calculated as an induction index.
Histostaining
Immunostaining of cryosections was performed as described (Yoon et al., 2000) . The antibodies used in this study were monoclonal anti-Tuj1 (BABCO), anti-NeuN (Chemicon), Texas Red-conjugated and HRP-conjugated anti-mouse IgG (Jackson Lab.). Cell death was detected by the TUNEL assay (Gavrieli et al., 1992; Wijsman et al., 1993) , using the Roche Kit as previously described (Teillet et al., 1998) . b-galactosidase staining for Ptc1 expression was carried out as previously reported .
Nomenclature
The neuroanatomical nomenclature for chick brain used in this study was adopted from previous literature Yoon et al., 2000; Puelles, 2001; Martínez-dela-Torre et al., 2002) .
